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Introduction {#j_hukin-2016-0013_s_001}
============

Over the past few decades, hypoxic training has gained popularity in competitive sport as an effective method for improving performance, especially endurance ([@j_hukin-2016-0013_ref_005], [@j_hukin-2016-0013_ref_006], [@j_hukin-2016-0013_ref_004]). Hypoxia is a condition in which some organs or the whole organism is deprived of adequate oxygen supply. Evidence indicates that hypoxia deteriorates exercise performance ([@j_hukin-2016-0013_ref_002]; [@j_hukin-2016-0013_ref_025]), which is accompanied by a lowered O2 partial pressure in arterial blood (Pao2). This status reduces O2 delivery to tissues and negatively affects muscle metabolism and contractibility ([@j_hukin-2016-0013_ref_014]). Chronic oxygen deprivation initiates many physiological changes, the most prominent ones being loss of body mass and protein stores ([@j_hukin-2016-0013_ref_021]). Chronic hypoxia has also been reported to be an important factor in skeletal muscle atrophy at moderate altitudes ([@j_hukin-2016-0013_ref_003]). On the other hand, [@j_hukin-2016-0013_ref_010] indicated that breathing normobaric hypoxic air (FiO2 = 12%) in a post-absorptive state did not modify muscle protein synthesis at rest, but blunted the increase in protein synthesis induced by exercise. Acute hypoxia was also shown to inhibit muscle protein synthesis ([@j_hukin-2016-0013_ref_016]) primarily by inhibiting the mechanistic target of rapamycin complex 1 (mTORC1) via activation of the AMP-activated protein kinase (AMPK) ([@j_hukin-2016-0013_ref_019]) and increased expression of protein regulated in development and DNA damage response 1 (REDD1) ([@j_hukin-2016-0013_ref_007]).

Hypoxia has also been linked to stimulation of muscle hypertrophy. It was postulated that by placing the entire body in a hypoxic environment, such as a hypoxic chamber, muscle hypertrophy could be more efficient. [@j_hukin-2016-0013_ref_023] reported that high-intensity (70% of 1-RM) training induced greater muscle hypertrophy in subjects who trained for 6 weeks in a hypoxic chamber (FiO2 = 16%, \~2000 m) than in those exercising in normoxia without differences in the rate of perceived exertion. Muscle strength was significantly increased after 6 weeks of training in both normoxic and hypoxic groups; however, training for a shorter time period (namely 3 weeks) induced these changes only in the hypoxic group, suggesting that exposure to hypoxia accelerated the increase in muscle strength ([@j_hukin-2016-0013_ref_023]). According to a recent report, occlusion training (i.e., local hypoxia) alone can limit muscle atrophy in case of muscle disuse and induce hypertrophy when coupled with resistance training ([@j_hukin-2016-0013_ref_020]). However, there appears to be a threshold corresponding to \~4500 m of altitude above which hypoxia does not induce any beneficial effects on muscle hypertrophy when combined with resistance training ([@j_hukin-2016-0013_ref_011]).

Based on the above observations, we attempted to test in a crossover study a hypothesis that a 6 week resistance training program under hypoxic conditions (FiO2 = 12.9%, 4000 m), including two weekly high intensity training sessions, would cause a greater increase in muscle hypertrophy compared to normoxic conditions.

Material and Methods {#j_hukin-2016-0013_s_002}
====================

Participants {#j_hukin-2016-0013_s_002_s_001}
------------

The study included twelve healthy, recreationally resistance trained male subjects, with at least 3 years of training experience. The subjects were randomly divided into two experimental groups; namely, group 1 (n = 6; age 21 ± 2.4 years; body height \[BH\] 178.8 ± 7.3 cm; body mass \[BM\] 80.6 ± 12.3 kg; fat content \[%BF\] 23.3 ± 4.6), and group 2 (n = 6; age 22 ± 1.5 years; BH 177.8 ± 3.7 cm; BM 81.1 ± 7.5 kg; %BF 18.3 ± 3.0). The research project was approved by the Ethics Committee for Scientific Research at the Academy of Physical Education in Katowice, Poland.

Experimental design {#j_hukin-2016-0013_s_002_s_002}
-------------------

The research project had three series (S1, S2, S3) of testing in the laboratory. The 2nd and 3rd series were preceded by 6 weeks of strength training. The first series of testing (S1) was conducted at the beginning of the training protocol to determine the initial values of analyzed variables. Two days before S1, all participants were familiarized with the testing procedures. After S1, a 6 week resistance training protocol was applied under different environmental conditions. Group 1 trained under normobaric hypoxia, equivalent of the altitude of 4000 m and group 2 trained under normoxic conditions. The second series of testing (S2) was performed three days after the cessation of the resistance training program. The 6 week training protocol was repeated; however, the environmental conditions were reversed for both groups; i.e., group 1 trained under normoxic, while group 2 under hypoxic conditions (the equivalent of 4000 m altitude), with training loads adjusted to each individual. Three days after the second 6 week resistance training period, the last series of testing (S3) was performed.

Testing protocol {#j_hukin-2016-0013_s_002_s_003}
----------------

The testing procedures for the S1, S2 and S3 series were the same. Before breakfast and after an overnight fast, blood samples and body measurements were taken. The antecubital venous blood samples were collected to determine resting levels of testosterone (T), cortisol (C), growth hormone (GH) and insulinlike growth factor 1 (IGF-1). Blood plasma and serum were separated using routine procedures and processed immediately or kept frozen at -70o C until analysis. To determine the serum levels of T and C, the radioimmunological methods were employed using the RIA Testosterone and Cortisol RIA kits (Beckman Coulter). Serum GH and IGF-1 levels were assayed by the radioimmune method with the DSL-1900 IRMA diagnostic kit (Diagnostic System Laboratories, Webster, TX, USA). Serum IGF-1 concentrations were determined utilizing an immunoradiometric assay (IRMA) kit (DSL-2800 Active IGF-1, Diagnostic System Laboratories, Webster, TX, USA).

Body height was measured to the nearest 0.1 cm with digital stationmaster BSM170 (InBody) and body mass was determined to the nearest 0.1 kg with a medical scale (InBody 570). Body composition was evaluated by dual-energy x-ray absporptiometry (DEXA) (Discovery Wi, HOLOGIC). Two hours after a light mixed meal (400 kcal) (carbohydrates, 50%; proteins, 20%; fats, 30%), a one repetition maximum (1RM) test protocol in accordance with [@j_hukin-2016-0013_ref_017] was administered to determine the level of maximum strength from which appropriate training loads were calculated.

Training program {#j_hukin-2016-0013_s_002_s_004}
----------------

The resistance exercise protocol applied during the study was the same for both groups, but performed under different environmental conditions during the selected training periods (6 weeks). For 6 weeks, all subjects performed two high intensity resistance training sessions per week, with a 3 day recovery period between sessions. During the first training period (6 weeks), group 1 trained in a normobaric hypoxic chamber at a simulated altitude of 4000 m (FiO2 = 12.9%). Group 2 performed training sessions in the same chamber, but under normoxic conditions. After 6 weeks of strength training, environmental conditions were reversed for both groups (group 1, normoxia, and group 2, normobaric hypoxia) with adjusted training loads.

Each training session for both groups proceeded at an exercise intensity of 70% of 1RM, and was comprised of 8 sets of 10 repetitions of the bench press and barbell squat. The rest periods between sets included 3 min passive recovery. Before each exercise, subjects in both groups performed a 10 min general warm-up. Training loads during the training sessions in both groups were increased individually by 5 kg when a subject completed all repetitions (160) during a session. Besides registering the intensity and volume of the training process, pre- and postexercise capillary blood samples were drawn to determine LA concentration, acid-base balance and saturation of hemoglobin after each 2 weeks of training.

Statistical analysis {#j_hukin-2016-0013_s_002_s_005}
--------------------

The obtained data were analyzed statistically using Statistica 10.0 software (StatSoft). Basic descriptive statistics were calculated and all variables were examined for normal distribution. To determine the influence of normobaric hypoxia on body composition, ANOVA (group & training) with repeated measures was applied. When significant differences in the F ratio were found, Tukey's post hoc tests were applied. The level of statistical significance was set at p \< 0.05.

Results {#j_hukin-2016-0013_s_003}
=======

The average values of body mass and body composition are presented in [Tables 1](#j_hukin-2016-0013_tab_001){ref-type="table"} and [2](#j_hukin-2016-0013_tab_002){ref-type="table"}. The results of ANOVA with repeated measures showed a statistically significant effect of the two main factors (group & training) on considered variables, namely: body mass (BM, F = 11.321, p = 0.001), fat free mass (FFM; F = 9.436, p = 0.002), FFM plus bone mineral content (FFM+BMC; F = 8.964, p = 0.003), % body fat content (%fat; F = 4.714, p = 0.041), and IGF-1 concentration at rest (IGF-1; F = 7.326, p = 0.01. The training program used in this research did not significantly affect fat mass (FM) as well as testosterone (T), growth hormone (GH) and cortisol (C) levels.

###### 

Average values of body mass and selected variables of body composition at rest before and after the first 6 weeks of resistance training.

  Variable BM (kg)   Group 1 -- Hypoxia   Group 2- Normoxia                                                                
  ------------------ -------------------- ------------------------------------------------------------------- ------------ ------------
  BM (kg)            80.6 ± 12.3          83.0 ± 12.4[^\#^](#j_hukin-2016-0013_fn_001){ref-type="table-fn"}   81.1 ± 7.5   81.2 ± 8.4
  FFM (kg)           58.6 ± 5.3           60.6 ± 5.2[^\*^](#j_hukin-2016-0013_fn_002){ref-type="table-fn"}    63.1 ± 3.8   63.2 ± 3.6
  FFM+BMC (kg)       61.8 ± 5.4           63.7 ± 5.3[^\*^](#j_hukin-2016-0013_fn_003){ref-type="table-fn"}    66.2 ± 3.6   66.4 ± 3.4
  FM (kg)            18.8 ± 7.0           19.2 ± 7.0                                                          14.9 ± 4.1   14.7 ± 4.9
  %FAT               23.3 ± 4.6           23.1 ± 4.4                                                          18.3 ± 3.0   18.1 ± 3.6

All data are presented as mean ± SD

p \< 0.01

p \< 0.05

p \< 0.05

###### 

Average values of body mass and selected variables of body composition before and after the second period of 6 week resistance training.

  Variable BM (kg)   Group 1 - Hypoxia   Group 2- Normoxia                
  ------------------ ------------------- ------------------- ------------ ------------------------------------------------------------------
  BM (kg)            83.4 ± 12.4         82.7 ± 12.6         81.2 ± 8.4   82.3 ± 7.1[^\*^](#j_hukin-2016-0013_fn_004){ref-type="table-fn"}
  FFM (kg)           60.5 ± 5.2          59.8 ± 5.3          63.2 ± 3.6   64.3 ± 3.2[^\*^](#j_hukin-2016-0013_fn_005){ref-type="table-fn"}
  FFM+BMC (kg)       63.6 ± 5.3          63.1 ± 5.5          66.4 ± 3.4   67.7 ± 3.0[^\*^](#j_hukin-2016-0013_fn_006){ref-type="table-fn"}
  FM (kg)            19.7 ± 7.0          19.4 ± 7.2          14.7 ± 4.9   14.6 ± 4.1
  %FAT               23.1 ± 4.4          23.4 ± 4.7          18.1 ± 3.6   17.7 ± 3.2[^\*^](#j_hukin-2016-0013_fn_007){ref-type="table-fn"}

*All data are mean ± SD*,

p \< 0.05

p \< 0.05

p \< 0.05

p \< 0.05

Post-hoc analysis indicated that strength training in normobaric hypoxia caused a significant (p \< 0.01) increase in BM and an increase (p \< 0.05) in FFM and FFM+BMC in both groups ([Tables 1](#j_hukin-2016-0013_tab_001){ref-type="table"} and [2](#j_hukin-2016-0013_tab_002){ref-type="table"}). Additionally, body fat content in group 2 was significantly reduced (p \< 0.05) after training in hypoxia. Resistance training under normoxic conditions did not affect body composition in group 2, however, a tendency (p \< 0.09) for decreased BM, FFM and FFM+BMC in group 1 was observed (second 6 weeks of resistance training under hypoxic conditions) ([Tables 1](#j_hukin-2016-0013_tab_001){ref-type="table"} and [2](#j_hukin-2016-0013_tab_002){ref-type="table"}).

[Tables 3](#j_hukin-2016-0013_tab_003){ref-type="table"} and [4](#j_hukin-2016-0013_tab_004){ref-type="table"} indicate the impact of resistance training under hypoxic and normoxic conditions on neuroendocrine responses. A significant increase (p \< 0.05) was observed in IGF-1 concentrations at rest after 6 weeks of hypoxic resistance trainings in both groups ([Tables 3](#j_hukin-2016-0013_tab_003){ref-type="table"} and [4](#j_hukin-2016-0013_tab_004){ref-type="table"}, respectively). However, no significant changes were detected in T, GH and C levels, indicated that the responses in IGF-1 levels were specific.

###### 

The concentration of selected hormones and growth factors at rest before and after the first 6 weeks of resistance training.

  Variable BM (kg)   Group 1 -- Hypoxia   Group 2- Normoxia                                                             
  ------------------ -------------------- ---------------------------------------------------------------- ------------ ------------
  IGF-1 (ng/ml)      211 ± 32             293 ± 40[^\*^](#j_hukin-2016-0013_fn_008){ref-type="table-fn"}   224 ± 43     235 ± 36
  GH (ng/ml)         2.1 ± 0.08           1.8 ± 0.2                                                        1.4 ± 0.3    0.6 ± 0.04
  T (ng/dl)          482 ± 32             486 ± 20                                                         486 ± 37     497 ± 49
  C (µg/dl)          14.2 ± 3.3           13.9 ± 3.1                                                       13.0 ± 4.6   13.1 ± 2.8

All data are presented as mean ± SD

p \< 0.05

###### 

Blood concentration of selected hormones and growth factors at rest before and after the second 6 weeks of resistance training.

  Variable BM (kg)   Group 1 -- Hypoxia   Group 2- Normoxia                
  ------------------ -------------------- ------------------- ------------ ----------------------------------------------------------------
  IGF-1 (ng/ml)      215 ± 37             229 ± 25            206 ± 42     298 ± 22[^\*^](#j_hukin-2016-0013_fn_009){ref-type="table-fn"}
  GH (ng/ml)         1.9 ± 0.1            0.9 ± 0.02          0.8 ± 0.08   1.2 ± 0.2
  T (ng/dl)          506 ± 43             515 ± 29            469 ± 29     472 ± 29
  C (µg/dl)          14.3 ± 4.6           13.5 ± 2.8          15.2 ± 1.4   14.9 ± 3.1

*All data are mean ± SD*,

*p \< 0.05*.

Discussion {#j_hukin-2016-0013_s_004}
==========

Evidence exists that the adaptive response to resistance exercise is blunted in the hypoxic environment ([@j_hukin-2016-0013_ref_024]). However, the present study is the first to show that resistance training under normobaric hypoxia increases muscle mass as compared with normoxia.

Body mass and body composition changes, the so-called muscle hypertrophy phenomenon, are related to the activity of anabolic and catabolic signalling pathways which substantially depend on neuroendocrine factors. Maintaining muscle mass is a balance between protein synthesis and protein degradation. An increase in muscle mass can occur due to either an increase in protein synthesis or a decrease in degradation, while a decrease in muscle mass can take place as a result of decreasing protein synthesis or increasing protein degradation (Jonathan et al., 2013). The therapeutic importance of normobaric hypoxia and physical activity reflects structural, functional and molecular adaptive changes. It verifies the variation in concentration of biomarkers such as inflammatory factors, chemokines, hormones, as well gene expression.

Post training hormone secretion processes are particularly intensified as a result of muscle strength training with the use of maximum external loads and exercises involving large muscle groups ([@j_hukin-2016-0013_ref_018]), as in the case of our study. Hypoxia exposure and oxygen concentration in the range from 11.6 to 12.9% constitute a strong hormonal stimulus. Exercise is a potent physiological stimulus for GH, IGF-1 and testosterone secretion, and both aerobic and resistance exercise results in significant acute serum increases in hormone concentration and lactate. Anaerobic exercise performed in hypoxia could be a valid method to provide a greater stimulus to the anaerobic pathway equivalent to specific resistance training related to muscle property performance (Alveres-Herms et al., 2015). It was unclear, however, whether a combination of exercise and hypoxia therapy further would increase physical performance and changes in body composition, especially hypertrophy effects. Our research is the first to indicate a stronger neuroendocrine response of IGF-1 after resistance training performed in normobaric hypoxia ([@j_hukin-2016-0013_ref_013]). Combining resistance exercise and exposure to hypoxia has been shown to be superior to training under normoxic conditions in regard to the secretion of IGF-1. As a consequence, molecular signaling pathways were activated, regulating protein synthesis and the muscle hypertrophy effect ([@j_hukin-2016-0013_ref_009]).

Depending on the type of exercise, oxygen saturation (SpO2) duration and intensity of adaptive responses are different in nature ([@j_hukin-2016-0013_ref_008]). Decreases in SpO2 between 80 and 90% are experienced frequently, even at moderate altitudes (4,300 m, FiO2 = 12% O2, SpO2 81 ± 1%) ([@j_hukin-2016-0013_ref_027]). It was reported that a short period of normobaric hypoxia (FiO2 = 12.9%, 4000 m) was not sufficient to induce blunting in muscle protein synthesis, indicating that humans have a robust metabolic reserve against acute falls in SpO2 ([@j_hukin-2016-0013_ref_010]). This blockade seemed independent of the mTORC1 pathway since hypoxia did not modify the phosphorylation of S6K1 or the expression of REDD1, both at rest and after exercise ([@j_hukin-2016-0013_ref_010]).

In our study, repeated acute hypoxic exposure to hypoxia combined with resistance exercise increased the neuroendocrine secretion of IGF-1. In addition, our research suggests that acute resistance training under normobaric hypoxia (FiO2 = 12.9%, 4000 m) causes an increase in protein synthesis. These findings are consistent with the study on the combined effects of hypoxia and exercise which were also examined via an original experimental design, where a group of subjects climbed from 550 to 4559 m by foot, while another group was flown by a helicopter ([@j_hukin-2016-0013_ref_015]). The muscle protein synthesis rate was measured in both groups at sea level and at altitude. In the flight group, the rate of synthesis was not modified, whereas in the foot group, a 35% increase in protein synthesis was measured 19-23 hrs after the end of the exercise, suggesting that exercise was able to activate muscle protein synthesis even in hypoxia. On the other hand, it should be noted that an inhibition of muscle protein synthesis was also reported as a result of hypoxic resistance training ([@j_hukin-2016-0013_ref_022]; [@j_hukin-2016-0013_ref_019]).

One of the most widely studied activators of muscle hypertrophy includes IGF-1, which was elevated in the present study. Binding of IGF-1 to its receptor activates insulin receptor substrate-1, IRS-1, which then activates phosphatidylinositol-3-kinase (PI3K), responsible for the conversion of intramembranous phosphoinositide-(4,5)-biphosphate (PIP2) to phosphoinositide-(3,4,5)-triphosphate (PIP3). The IGF-1 receptor mediated activation of protein synthesis is PI3K dependent ([@j_hukin-2016-0013_ref_026]). The serine/threonine kinase Akt (protein kinase B) binds PIP3 on the membrane through an N-terminal pleckstrin homology (PH) domain and is activated by phosphoinositide-dependent kinase-1 (PDK1). The recruitment of Akt to the membrane and the activation of Akt through PDK1 allow Akt to be released into cytosol to activate mTOR and other downstream effectors. In addition to IGF-1, there are also alternative spliced isoforms of IGF-1 that appear to have various roles in regulating skeletal muscle growth. mTOR has also been linked to intensification of protein synthesis due to resistance training under normobaric hypoxia (Jonathan et al., 2013). Exercise increases levels of growth factors in the muscle, including IGF-1, leads to the activation of the IGF-1 / PI3K / Akt / p70S6K signalling cascade, promoting anabolism necessary to induce the muscle hypertrophy effect ([Figure1](#j_hukin-2016-0013_fig_001){ref-type="fig"}). Figure 1Selected molecular signaling pathways regulating skeletal muscle mass in hypoxic resistance training

Conclusions {#j_hukin-2016-0013_s_005}
===========

In summary, the results of this study allow to conclude that resistance training for 6 weeks under normobaric hypoxic conditions (equivalent of 4000 m altitude) induces muscle hypertrophy to a higher degree than in normoxia. However, reversing these conditions does not allow to sustain the benefits gained under hypoxia. Further research with subjects of different age and training experience, conducted at different levels of hypoxia and for different time periods is necessary to fully explain the mechanisms involved in muscle hypertrophy during resistance training under hypoxic conditions. Continued analysis of acute and chronic neuroendocrine responses accompanying resistance exercise in hypoxia will help in formulating training and therapy recommendations.
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